Aerosolisation performance of hygroscopic particles of colistin could be compromised at elevated humidity due to increased capillary forces. Co-spray drying colistin with a hydrophobic drug is known to provide a protective coating on the composite particle surfaces against moisture-induced reduction in aerosolisation performance; however, the effects of component ratio on surface coating quality and powder aerosolisation at elevated relative humidities are unknown. In this study, we have systematically examined the effects of mass ratio of hydrophobic azithromycin on surface coating quality and aerosolisation performance of the co-spray dried composite particles. Four combination formulations with varying drug ratios were prepared by co-spray drying drug solutions. Both of the drugs in each combination formulation had similar in vitro deposition profiles, suggesting that each composite particle comprises two drugs in the designed mass ratio, which is supported by Xray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) data. XPS and ToF-SIMS measurements also revealed that 50% by weight (or 35% by molecular fraction) of azithromycin in the formulation provided a near complete coating of 96.5% (molar fraction) on the composite particle surface, which is sufficient to prevent moisture-induced reduction in fine particle fraction (FPF)recovered and FPFemitted. Higher azithromycin content did not increase coating coverage, while contents of azithromycin lower than 20% w/w did not totally prevent the negative effects of humidity on aerosolisation performance. This study has highlighted that a critical amount of azithromycin is required to sufficiently coat the colistin particles for short-term protection against moisture.
INTRODUCTION
Respiratory infections are difficult to treat because only limited amounts of drugs become available at the infection sites in the lower airways after traditional oral or parenteral drug administration (1) . Consequently, high doses of drugs are required to maintain drug levels above the minimum inhibitory concentrations (MIC) in the airways (2, 3) . For many antibiotics, systemic therapies can cause severe adverse effects. Colistin has been used as an antibiotic for many respiratory infections caused by multidrug resistant (MDR) Gram-negative bacteria as a last resort, but intravenous administration of high-dose colistin can lead to dose-limiting nephrotoxicity in more than half of the treated cystic fibrosis (CF) patients (4) . Pulmonary delivery of antibiotics is advantageous as high drug concentrations may be attained in the airways while minimising systemic exposure (5-7). Yapa et al. have reported that nebulised colistin Qi (Tony) Zhou and Zhi Hui Loh contributed equally to this work.
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The online version of this article (doi:10.1208/s12248-016-9934-x) contains supplementary material, which is available to authorized users. methanesulphonate (CMS) solution (4 million IU) achieved significantly higher colistin concentrations in the sputum (C max 4-16 mg/L) of CF patients; the colistin concentrations were maintained above MIC for 12 h with low systemic exposure (C max in plasma < 0.5 mg/L) (8) .
Dry powder inhalers (DPIs) have gained increasing interest for the delivery of high-dose antibiotics directly to the respiratory tract as DPI devices are generally more portable than traditional jet nebulisers and drug powders are more stable than liquid forms of drugs (6, 9) . However, inhalation of high-dose powders could cause local side effects such as cough and throat irritation (1, 3, 10) . Fine drug particles produced by conventional jet milling are often cohesive with poor flow and dispersion properties (11) . Addition of free-flowing coarse carriers is a common approach to manufacture dry powder formulations of low-dose therapeutics (12) , but this approach increases the mass and volume of each dose and make inhalers bulky for high-dose or multi-dose medications (6) . To formulate high-dose antibiotics, particle engineering is essential to generate freeflowing and highly dispersible fine drug powders (13) . Spray drying is a popular approach to engineer inhalable drug particles with a superior capability to manipulate particulate properties (14) . Spray drying is scalable and has been employed for the manufacture of insulin (Exubera®, Pfizer), tobramycin (TOBI® Podhaler®, Novartis), and mannitol (Aridol®, Pharmaxis) DPIs. The addition of amino acids has been reported to reduce powder cohesion and improve aerosolisation performance of spray-dried powders by decreasing free surface energy (15, 16) . Porous fine drug particles with satisfactory flow and dispersion behaviour can also be produced via spray drying (17, 18) .
One of the challenges in the production of inhalable drug particles by spray drying is that the spray-dried amorphous particles are often hygroscopic and can absorb significant amounts of water upon exposure to humidity (19) . The aerosolisation performance of such hygroscopic particles can be compromised under elevated humidities due to increased capillary forces between particles in contact. In our earlier study, inhalable powder formulations of colistin were developed by the spray drying approach without any additives (20) . The spray-dried amorphous colistin powder absorbed up to 30% w/w water when it was stored at high RH > 60%. In a subsequent study, combination formulation of colistin with hydrophobic rifampicin (in a mass ratio of 1:1 or molecular ratio of approximately 1.7:1) was shown to prevent the moisture-induced deterioration in aerosolisation (21) . The moisture protection effects were attributed to the surface coating of hydrophobic rifampicin. However, the effects of drug ratio in the spray drying feed solution on the surface coating and aerosolisation are unknown. In this study, colistin was co-spray-dried with a hydrophobic antibiotic, azithromycin, at various mass ratios as such combination has shown synergy in antimicrobial effects (22, 23) . Surface coating coverage by azithromycin on particle surfaces was characterised by two surface analytical techniques, X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS). The effects of surface coating on moisture protection were evaluated. The outcome of the present study could provide insights into the stability of hygroscopic DPI formulations under humid conditions..
MATERIALS AND METHODS

Chemicals
Colistin sulphate was purchased from Zhejiang Shenghua Biology Co., Ltd (Hangzhou, Zhejiang, China), and azithromycin was supplied from Hangzhou ICH Imp & Exp Co. Ltd. (Hangzhou, Zhejiang, China). Trifluoroacetic acid was purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). Acetonitrile, ethanol and methanol (highperformance liquid chromatography, HPLC grade) were supplied by Fisher Scientific (Fair Lawn, NJ, USA).
Production of Powder Formulation by Spray Drying
A spray drying feed solution (10 mg/mL total solutes) containing azithromycin and colistin sulphate in mass ratios of 1:9, 1:4, 1:1, and 4:1 was prepared by dissolving two drugs in a solvent mixture of water and ethanol with a volumetric ratio of 1:1. The drug solution was pumped into the spray dryer (B-290 mini spray dryer, Büchi Labortechnik AG, Falwil, Switzerland) at a feed rate of 2 mL/min. The spray dryer was operated under the following conditions: inlet air temperature 60°C, atomizer setting 700 NL/h and aspirator flow rate 40 m 3 /h (21). The spray-dried powders were stored in a desiccator containing silica gel at 20 ± 3°C till further use.
Particle Size
Laser diffraction (Mastersizer 2000, Malvern Instruments, Worcestershire, UK) was used to measure particle size distribution by the dry powder dispersion approach. Compressed air (4 bar) were applied to disperse powders (21) . D 10 (diameter at 10% undersize), D 50 (diameter at 50% undersize) and D 90 (diameter at 90% undersize) were calculated using a software. Measurements for each sample were carried out in triplicate.
Particle Morphology
Particle morphology was assessed by scanning electron microscopy (SEM, Carl Zeiss SMT AG, Oberkochen, Germany). Each sample was mounted on an SEM stub and followed by sputter-coating of gold (K550X sputter coater, Quorum Emitech, Kent, UK).
Crystallinity
X-ray powder diffraction (XRPD) (Shimadzu XRD-6000, Shimadzu Corporation, Kyoto, Japan) was used for evaluating powder crystallinity with Cu-Kα radiation at 40 kV and 30 mA. The 2θ method was used for the measurement, and data were recorded at 2°/min in the scanning range of 5-50°.
Dynamic Water Vapour Sorption
Moisture sorption behaviour was measured by a dynamic vapour sorption system (DVS-1, Surface Measurement Systems Ltd., London, UK). Each sample was placed in the measurement chamber where the relative humidity (RH) values were maintained ranging from 0% to 90%. The environmental RH was increased from 0% to 90% for the sorption cycle and then decreased from 90% to 0% for desorption cycle at 10% RH increments. Equilibrium moisture content at each testing RH was determined by a dm/dt of 0.002% per minute (20) .
X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) analysis was performed using an AXIS Ultra DLD Spectrometer (Kratos Analytical Ltd., Manchester, UK), equipped with a monochromated Al Kα source at a power of 180 W (12 mA, 15 kV). Each sample was filled into powder sample holders (24) . Charging of the samples during irradiation was compensated by an electron flood gun in combination with a magnetic immersion lens. A reference binding energy of 285.0 eV for the aliphatic hydrocarbon C 1s component was used to correct for any remaining offsets due to charge neutralisation of specimens under irradiation (25) . The pressure in the main vacuum chamber during analysis was typically 10 −6 Pa. Spectra were recorded with the nominal photoelectron detection normal to the sample surface. However, in the case of powders of random orientations, the microscopic emission angle is ill-defined. As a consequence, the sampling depth might vary between 0 and 5-10 nm depending on the kinetic energy of the measured photoelectrons. The area analysed on each sample had approximate dimensions of 0.3 mm × 0.7 mm. The elemental composition of the samples was obtained from survey spectra (160 eV pass energy) using sensitivity factors supplied by the manufacturer. High-resolution spectra of individual peaks were recorded at 20 eV pass energy which results in a peak width (full width at half maximum) of typically 0.9-1.1 eV for organic polymeric materials.
In order to determine relative fractions of colistin and azithromycin on the surface of the composite particles, reference data were acquired from the two pure compounds. The data obtained from the combination particles were then compared to the reference data and fractions of the pure compounds estimated as follows. The atomic concentration of each of the present elements (C, O, N and S) in the combination particles was assumed to be a linear combination of the corresponding concentrations in the pure compounds, appropriately scaled and normalised using the number of respective atoms in one molecule of colistin or azithromycin. This method is particularly reliable in cases where the concentrations in the pure compounds are quite different (N and S) but rather unreliable in cases where concentrations are similar (C and O). However, in the case of C and O, the highresolution 1s spectra for the two compounds are quite different because of the different chemical structures. This allows the surface fractions of colistin and azithromycin in the combination particles to be estimated using curve fitting: the reference spectra of colistin and azithromycin can be used as two model-fit components to calculate optimised curve fits of the spectra of the combination particles. A representative C 1s curve fit is shown in Supplement 2. This yields the relative number of either C or O atoms which are present as part of either colistin or azithromycin (24) . Scaled using the respective number of C or O atoms in one molecule of the pure compounds, these fractions can be converted to relative molecular fractions of colistin or azithromycin.
Time-of-Flight Secondary Ion Mass Spectrometry
ToF-SIMS experiments were performed using a PHI TRIFT V nanoTOF instrument (Physical Electronics Inc., Chanhassen, MN, USA) equipped with a pulsed liquid metal 79+ Au primary ion gun (LMIG), operating at 30 keV energy. Dual charge neutralisation was provided by an electron flood gun and 10 eV Ar + ions. Spatial resolution was optimised for the collection of images by utilising Bunbunched^Au 1 instrument settings. Raw data were collected in positive SIMS mode at a number of locations, typically using a 50 × 50 micron raster area, with 4 min acquisitions (24) .
Analysis of colistin and azithromycin standards identified characteristic peak fragments for use in mapping the components in the combination powders. Peaks corresponding to the protonated molecular ion signal for each antibiotic were of low intensity; hence, higher intensity characteristic fragments were used instead. For colistin, the sum of peaks at m/z 30 atomic mass unit (amu) and~86 amu were selected, corresponding to CH 4 N + and C 5 H 12 N + fragments, respectively. For azithromycin, the desosamine fragment at m/z~158 amu (C 8 H 16 NO 2 + ) and further fragment at m/z 98 amu (C 6 H 12 N + ) were selected. Sample spectra and images were processed using WincadenceN software (Physical Electronics Inc., Chanhassen, MN, USA).
Powder Storage
Effect of humidity on aerosolisation was examined by storing the spray-dried formulations under two RH conditions (60% for the moderate RH and 75% for the elevated RH) which were selected based on previous work (20) . Each formulation (approximately 100-200 mg) was spread in a thin layer on an open-top plastic container (3 cm in diameter) and stored in a humidity chamber set at 60% RH or in a desiccator containing saturated sodium chloride solution (75% RH) at 25°C for 24 h. Based on water sorption studies carried out using the DVS, 24 h is more than sufficient for the powders to attain water vapour sorption equilibrium. Aerosolisation performance of the powder formulations after storage under the two different RH was measured as described below.
In Vitro Aerosol Performance
In vitro aerosol performance was measured using a multistage liquid impinger (Apparatus C, British Pharmacopeia 2012, Copley, Nottingham, UK) with a USP induction port (USP throat) according to pharmacopeial dispersion procedure: to achieve a pressure drop of <4 kPa across the device, 4 L of air was drawn by a vacuum pump through the inhaler device at an airflow rate of 100 L/min for 2.4 s (17) . The cutoff diameters of stages 1-4 of the liquid impinger at 100 L/min were 10.4, 4.9, 2.4 and 1.2 μm, respectively.
An accurately weighed amount of each spray-dried powder (10 ± 2 mg) was loaded into a capsule (size 3 hydroxypropyl methylcellulose capsules, Capsugel, West Ryde, NSW, Australia) and dispersed through an Aerolizer® in an enclosed chamber with the RH maintained at 60% or 75% RH at 20 ± 3°C. The dispersion was repeated with a second capsule containing a similar amount of the spray-dried powder. The dose chosen here is to generate sufficient drug concentration in each stage of impactor for chemical assay.
The clinically relevant dose of each drug could be higher than the dose chosen in this study. The Aerolizer® was used because it is an inhaler device with a low resistance that allows patients to comfortably generate sufficient high airflow rates to effectively disperse powder formulations. Four replicated experiments were carried out for each formulation, with each experiment comprising sequential dispersions of two filled capsules.
Drug particles deposited in the capsules, inhaler, USP throat, stages 1-4 of the liquid impinger and the filter were collected using appropriate volumes of a 1:1 solvent mixture of 0.02 M phosphate buffer (pH 5.0) and methanol. The emitted dose (ED) was defined as the total amount of drug collected in the throat, stages 1-4 of the impinger and the final filter stage expressed as a percentage of the total recovered amount of drug. Fine particle fraction (FPFrecovered) was defined as the total amount of drug particles with an aerodynamic diameter smaller than 4.9 μm (cutoff diameter of the stage 2) expressed as a percentage of the total recovered amount of drug. FPFemitted was defined as the FPF over the emitted dose.
Drug Quantification
After dispersion, the concentrations of colistin and azithromycin in the collecting solvent were determined by high-performance liquid chromatography (HPLC) using a method modified from previous studies (20, 26) . A Shimadzu CBM-20A controller, LC-20AT pump, SIL-20A HT autosampler, SPD-20A UV/VIS detector (Shimadzu, Kyoto, Japan) and a PhenoSphere-Next 5 μm C18 150 × 4.60 mm column (Phenomenex, Torrance, CA) were used.
Two drugs in the collecting solvents are analysed separately. For colistin sulphate, the mobile phase consisted of 0.05% trifluoroacetic acid (A) and methanol (C). The injection volume for each run was 50 μL, and colistin sulphate was eluted using a gradient programme of 30% to 80% C in 25 min, followed by 80% to 30% C in 3 min at a flow rate of 1 mL/min (20) . The mobile phase for azithromycin consisted of 20% 0.02 M phosphate buffer (pH 8.0) and 80% methanol flowing at 1 mL/min (26). The injection volume was 100 μL. The calibration curves, prepared for colistin and azithromycin in a 1:1 solvent mixture of 0.02 M phosphate buffer (pH 5.0) and methanol, were linear (r 2 > 0.999) over the concentration range of approximately 0.005-0.3 mg/mL.
Statistical Analysis
One-way analysis of variance (ANOVA) with a Tukey post hoc analysis or independent sample t test was employed for statistical analysis. Probability (p) values < 0.05 were considered as a statistically significant difference.
RESULTS
Physicochemical Properties
The size distributions of spray-dried particles are presented in Table I . All the spray-dried samples had fine physical particle sizes (D 90 < 2.90 μm). Pure colistin (COL) had the highest D 10 , D 50 and D 90 values, while the formulation 1COL:4 azithromycin (AZI) had the lowest particle size.
From the SEM micrographs (Fig. 1a) , it can be observed that the spray-dried particles of 4COL:1AZI exhibited a near spherical shape with corrugated surfaces, which appeared similar to spray-dried pure colistin (20) . Spray-dried pure azithromycin had a spherical shape with slightly rough surfaces (Fig. 1d) . When the colistin mass ratio was increased to 20%, the particle surface became rougher (Fig. 1c) . It is interesting to note that spray-dried composite particles with a mass ratio of 1:1 had a wrinkled shape that was distinct to both pure spray-dried colistin and azithromycin. From the SEM images, all spray-dried particles are approximately 1-2 μm, which agree with the laser diffraction results.
XRPD data showed crystalline peaks for the supplied pure azithromycin powder (Supplement 1). No crystalline peak was detected for all spray-dried formulations, which indicated that they were substantially amorphous. More importantly, no crystalline peaks were detected for the 1COL:1AZI formulation after storage at RH 75% and 20°C for 21 days.
Data from previous studies showed that water absorption of amorphous spray-dried pure colistin powder can be as high as 30% w/w at high RH up to 90% (20) . In contrast, the water absorption of the spray-dried pure azithromycin formulation was substantially lower with only 6% of water absorbed at the RH of 90% (Fig. 2) . The water sorption isotherm was decreasing gradually when the colistin ratio in the combination was reduced. For the 1COL:4AZI formulation, the absorbed water was less than 10% even at the high RH of 80%. Mass change of all formulations was zero at the end of desorption indicating no moisture-induced re-crystallisation or permanent water absorption occurred. Table II compiles the elemental compositions of the two pure drugs, COL and AZI, as well as those of the composite formulations, as measured by XPS. The surface composition of the combination formulations qualitatively reflects the changing ratio of the two constituents. Using the measured compositions of two pure compounds, the elemental compositions of the combination formulations can be converted to relative molar fractions of colistin and azithromycin as described in the BMATERIALS AND METHODS^section. The resulting estimates are also presented in Table II (last  two rows) .
Particle Surface Chemistry
XPS
The relative molar fractions of the two drugs in various formulations were confirmed by employing the second method outlined in the BMATERIALS AND METHODSŝ ection, via curve fitting of high-resolution spectra using model spectra of colistin and azithromycin as fit components, followed by appropriate scaling. Here we presented the C 1s data as an example. Supplement 2 shows a C 1s spectrum curve fitted with model spectra. Supplement 3 lists the resulting estimates of the molar fractions of colistin and azithromycin, which are in good agreement with those calculated in Table II. XPS data clearly indicate that azithromycin dominates the surfaces of composite particles comprising 50% w/w AZI and above. In the formulation 1AZI:1COL, 96.5% of the surface was azithromycin. Even in the formulation of 4COL:1AZI where AZI represents only 20% mass of the bulk concentration, its surface fraction was measured as 72.0%.
ToF-SIMS
The surface sensitivity of ToF-SIMS is even higher than that of XPS, and the intensity and distribution of detected species represent their abundance within the top 1-2 nm of the surface. Hence, the data showed enrichment of azithromycin on the outermost particle surfaces with an increase in azithromycin bulk concentration (Fig. 3) . For the formulation 4COL:1AZI, signals of azithromycin were apparently more than those of colistin although only 20% w/ w of azithromycin was incorporated in the combination powder. When azithromycin content was increased to 50% w/w, it overwhelmingly dominated the surface of composite particles. Such coverage of azithromycin on the particle surfaces was near complete when colistin bulk concentration was reduced to 20% w/w. These findings are consistent with the XPS data revealing the presence of a small proportion of colistin on the combination particle surfaces for all examined formulations.
In Vitro Aerosolisation Performance at 60% RH
The aerosol deposition profiles of the combination and pure spray-dried azithromycin powders at two RHs are shown in Fig. 4 . The corresponding FPFrecovered and FPFemitted values of colistin and azithromycin obtained from the deposition profiles are summarised in Figs. 5 and 6, respectively. Using the data obtained for pure colistin (PURE COL) obtained in previous work (20) as a comparison, the gradual increase of azithromycin in the formulation resulted in a decrease in the FPFrecovered of colistin at 60% RH (Fig. 5) . The FPFrecovered of colistin decreased from 80.1% for pure colistin, to 46.7% for the formulation containing 20% w/w of colistin (4AZI:1COL). In between these concentrations, the FPFrecovered of colistin varied between 57.0% and 70.3%. From the perspective of azithromycin, it appeared that the incorporation of colistin to azithromycin improved the aerosolisation performance of azithromycin at 60% RH ( Fig. 5  and 6 ). This could be inferred from the increase in FPFrecovered from 55.7% for pure azithromycin to 71.7% for the formulation with 10% w/w azithromycin (1AZI:9COL).
Similar trends were also observed in FPFemitted. With an increase in colistin content, the FPFemitted of azithromycin in the combination formulations was improved from 75.2% for 4AZI:1COL to 90% for 1AZI:9COL, and the FPFemitted of colistin was increased from 72.1% for 4AZI:1COL to 87.4% for 1AZI:9COL.
Effect of Humidity on Aerosolisation
As reported previously (20) , the aerosolisation performance of pure spray-dried colistin becomes poorer at the elevated RH of 75% due to the hygroscopic nature of the drug. In this study, the aerosolisation performance of two formulations containing predominantly colistin, namely, Concentrations are expressed as atomic ratios X/C (atomic concentration of element X relative to that of C). Also shown are estimates of molar fractions of colistin and azithromycin in the combination formulations, based on the elemental composition (last two rows). Mean ± SD, n = 3 COL: colistin, AZI: azithromycin 1AZI:9COL (90% w/w colistin) and 1AZI:4COL (80% w/w colistin), were likewise sensitive to the change in relative humidity. This could be inferred from the lower (p < 0.05) FPFrecovered of colistin at 75% RH compared to 60% RH for these formulations (Fig. 5) . The disparities in the FPFrecovered of colistin at different RH decreased with increasing azithromycin content in the formulations. When the content of azithromycin was increased to 50% and 80% w/w, the FPFrecovered values of colistin at 75% RH increased and became comparable to those at 60% RH. For the formulations 1AZI:1COL and 4AZI:1COL, no significant differences (p > 0.05) were observed in the FPFrecovered values of colistin at 60% and 75% RH. These data suggested that these two formulations were sufficiently robust and capable of withstanding conditions of elevated humidity with minimal compromise on the aerosolisation properties of hygroscopic colistin. Unlike colistin, the aerosolisation performance of azithromycin, a poorly water-soluble drug, is unaffected by changes in relative humidity. This is evident from Fig. 5 which showed consistent FPFrecovered values for pure spray-dried azithromycin at both 60% and 75% RH. Formulations with comparatively lower contents of azithromycin, namely, those with 80% w/w (4AZI:1COL) and 50% w/w (1AZI:1COL) azithromycin, demonstrated similar resistance to moisture, with no significant differences (p > 0.05) detected in the FPFrecovered of azithromycin at 60% and 75% RH. However, when the proportion of azithromycin was further decreased to 20% and 10% w/w, the combination powders became sensitive to moisture, with significantly lower (p < 0.05) FPFrecovered values of azithromycin at 75% RH compared to those at 60% RH.
The FPFemitted data of combination formulations showed the same trend to those of FPFrecovered. For azithromycin content of 50% w/w and higher, there were no significant differences in FPFemitted between two RHs. However, the azithromycin content of 20% w/w and less resulted in significantly lower FPFemitted for 75% RH. It is also noteworthy that there is no significant difference in FPFrecovered of the 1AZI:1COL formulation between those stored at RHs of 60% and 75% for 21 days (p > 0.05).
DISCUSSION Composite Particles for DPI of Colistin Combinations
Colistin has been used as the last-line antibiotic therapy for many infections caused by multi-drug resistant bacteria; however, mono-drug therapy may lead to the development of drug resistance. Resistance to colistin has been increasingly reported around the world (27) . Recently, plasmid-mediated colistin resistance gene MCR-1 has been found in the bacteria from both animals and humans in many countries (28) . There is a fear that colistin resistance will develop and spread, with no antibiotics being effective against Bsuperbugs^in the near future. One of the practical strategies to combat colistin resistance is to use combination therapies (27) . In the present study, combination formulations have been developed by cospray drying. Spray drying is a viable and continuous production technique for producing pharmaceutical solids, which has been widely adopted by the pharmaceutical industry (11). It is noteworthy that the deposition profiles of azithromycin and colistin in each stage of the impinger were almost identical, suggesting that each composite particle comprised both drugs in the designed ratio rather than a physical particle mixture. This hypothesis is also supported by the XPS and ToF-SIM data that >96% (molecular fraction) of the composite particle surfaces are covered by azithromycin with an overall drug mass ratio of 1:1 (molecular ratio of 1.9:1) because a physical mixture of two drugs would lead to a 37% (molecular fraction) of azithromycin on the particle surface of the mixture powder. A potential benefit of such composite particles is that two drugs can deposit on the same infection sites in the airways and act simultaneously, thus, maximising synergistic antimicrobial effects.
Parenteral administration of high-dose colistin can cause dose-limiting severe nephrotoxicity (4) . Inhalation therapy of colistin aerosols have shown superior in vivo activity against bacteria in the airways; however, inhalation of high-dose colistin also caused local respiratory irritation and coughing (1) . Improving aerosol efficiency of inhaled therapy can significantly reduce the drug dose and minimise the adverse effects. In our studies, we have shown that at moderate RH, the FPFrecovered and FPFemitted of the 1AZI:1COL formulation were relatively high, above 65% and 80%, respectively. The superior in vitro aerosol performance may indicate improved clinical performance with a higher lung dose and lower oropharyngeal deposition; this may lead to lower systemic exposure and thus a reduction in the possibility of side effects.
Effects of Azithromycin on the Surface Coating Coverage and Moisture-Induced Reduction in Aerosolisation
Based on FPFemitted and FPFrecovered, the effects of azithromycin coating on drug aerosolisation at elevated RH are clearly formulation-dependent. It appeared that formulations containing 50% w/w or higher proportions of azithromycin exhibited similar FPFemitted and FPFrecovered values between 60% and 75% RH, indicating that aerosolisation is not compromised at a high RH. However, the formulations containing lower contents (20% and 10% w/ w) of azithromycin exhibited lower FPFs when stored and aerosolised at the 75% RH compared to those stored at the 60% RH. These results indicated that overall contents of azithromycin at only 50% w/w (35% by molecular fraction) in the combinations is sufficient to protect hygroscopic colistin against moisture-induced deterioration in the aerosolisation properties. This is because hydrophobic azithromycin occupies the particle surface of spray-dried composite powder, supported by the XPS data that the molar fraction of azithromycin on the particle surface of 1:1 formulation was 96.5% (Table II) . ToF-SIMS images also confirmed that azithromycin signals overwhelmingly dominate the particle surface (Fig. 3) . During the drying process, water-insoluble azithromycin is abundant on the liquid-vapour interface and precipitates first on the particle surface, which result in a hydrophobic coating layer (14) . It is possible that azithromycin content lower than 50% w/w is sufficient to offer the moisture protection. Future studies are warranted to examine more drug ratios between 1:1 and 4:1 COL:AZI to determine the exact ratio that could prevent moistureinduced reduction in FPF.
Effect of Particle Size on the Aerosolisation Performance of the Combination Powders at 60% RH
At the outset, it was found that aerosolisation performance of the different formulations at 60% RH, as reflected by the FPFrecovered of both colistin and azithromycin (Fig. 5) , was significantly affected by the composition, which in turn affected the physical size and surface morphology of the spray-dried particles. This is clearly shown in Fig. 7 , where distinct linear relationships could be observed between particle sizes (D 10 , D 50 and D 90 ) and FPFrecovered of both drugs at 60% RH, with increased particle size bringing about a corresponding increase in the FPFrecovered of both colistin and azithromycin. When the size of the spray-dried particles increased, their specific surface area decreased and this minimised the cohesive forces between the particles. Reduced powder cohesiveness improved the fluidisation and dispersion of powder. However, it is noted that both surface roughness and composition may also have influence on surface roughness of the spray-dried particles. In general, with an increase in azithromycin, the particle surface became rougher, with the exception of 1AZI:1COL which had a wrinkled shape. There was a trend that a rougher surface led to higher FPFrecovered (Fig. 5) because of the reduced contact area (29) .
Effect of Azithromycin on Aerosolisation Performance of the Composite Powders at 75% RH
No relationships were observed between particle size and FPFrecovered at 75% RH. This could be related to the moisture-sensitive nature of formulations comprising higher proportions of colistin (1AZI:4COL and 1AZI:9COL). Moisture uptake by colistin at 75% RH resulted in increased capillary forces between particle surfaces, particularly for the Fig. 7 . Linear relationships between particle size and FPFrecovered of a colistin and b azithromycin in five tested formulations at 60% RH formulation containing the highest content of colistin (90% w/ w colistin in 1AZI:9COL). A previous study by Zhou et al. also reported visible clumping of pure spray-dried colistin stored at 90% RH (21) . The increased capillary forces may diminish the effect of primary particle size on the flow, dispersion and aerosolisation properties of the combination powders at the elevated humidity. The particle sizes of pure spray-dried colistin (previously reported in Zhou et al. (20) , D 50 = 1.5 μm) and the formulation containing the highest proportion of colistin (D 50 = 1.33 μm for 1AZI:9COL) were the largest amongst all formulations investigated (Table I) . Increased capillary forces of these powders at 75% RH brought about a further increase in their effective size by forming agglomerates, possibly to a range that was not suitable for deposition in the lower respiratory tract (30) , as corroborated by the dispersion data. It can be observed from Fig. 4 that for the formulation containing the highest fraction of colistin (1AZI:9COL), the proportion of drug deposited on the capsule, throat, stages 1 and 2 was close to twofold higher than those of the other formulations. The proportion of drug deposition at these locations for pure spray-dried colistin was even higher (20) .
Instead of particle size, the content of azithromycin of the spray-dried particles appeared to play a greater role in influencing the aerosolisation properties of the two drugs at 75% RH. As can be seen from Fig. 5 , an increase in azithromycin content from 20% to 50% w/w brought about a significant increase (t test, p < 0.05) in the FPFrecovered of both drugs from just under 50% to around 65%. A further increase in azithromycin content beyond 50% did not bring about a corresponding increase in the FPFrecovered values (t test, p > 0.05). These results suggested that the presence of azithromycin at or above 50% w/w in the combination powders rendered the powders more resistant to the environmental moisture, thereby mitigating its deleterious effects on drug aerosolisation at higher humidity.
CONCLUSIONS
Hygroscopicity is a common undesirable property of many spray-dried amorphous particles (11) . Absorption of large amounts of water at the elevated RH by the hygroscopic particles can cause a significantly compromised aerosol performance due to increased inter-particulate capillary forces (31) . In our previous studies, we demonstrated that storage of hygroscopic colistin powder at the RH of 75% led to a significant reduction of approximately 30% in FPFrecovered. Co-spray drying colistin with another hydrophobic drug at a mass ratio of 1:1 showed the prevention of such deterioration in FPFrecovered through surface coating. However, the key question had not been answered: how much hydrophobic drug in the combination is sufficient to prevent the moisture-induced reduction in the FPF of hygroscopic particles?
In the present study, we examined the effects of drug ratio in the combination on surface coating coverage and moisture-induced change in aerosolisation. XPS and ToF-SIMS data showed that azithromycin occupied 96.5% of particle surface with only 50% w/w (35% by molecular fraction) content in the combination formulation. Surface coating of azithromycin with 50% of mass content and above was shown to be effective to prevent the moistureinduced decrease in aerosolisation. Such moisture protection was effective for those powders stored at RH of 75% for at least 21 days. The azithromycin content <50% led to an incomplete coating on the surface of composite particles, which is unable to totally prevent the effects of moisture on aerosol performance. The previously developed combination powder formulations of colistin and rifampicin are physically and chemically stable after storage under 20°C and 60% RH for 1 month. In this study, the 1COL:1AZI formulation showed physical and chemical stability after storage under a higher RH of 75% for at least 21 days. The long-term physical and chemical stability tests of the composite formulations produced in the present study are ongoing to confirm the suitability of co-spray drying to develop stable combination powder formulations of colistin and azithromycin. This study has also demonstrated the importance of advanced surface chemistry characterisation techniques, such as XPS and ToF-SIMS, in understanding the critical relationship between particle surface chemistry and aerosol performance.
